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Th2-Specific Chromatin Remodeling and Enhancer
Activity in the Th2 Cytokine Locus Control Region
to accompany changes in developmentally regulated
gene expression patterns in a number of well-character-
ized loci. Epigenetic modifications have emerged as an
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important regulatory scheme in long-range control of2The Howard Hughes Medical Institute
induction or silencing of transcription. These changesYale University School of Medicine
are heritable and include altered sensitivity to nucleasesNew Haven, Connecticut 06520
and restriction enzymes, alterations in posttranslational3Sangamo BioSciences, Inc.
modifications on histone tail residues in nucleosomesRichmond, California 94804
residing in regulatory regions (i.e., promoters, en-
hancers, etc.), and changes in DNA methylation status.
Genes that are actively transcribed or are competentSummary
for transcription generally exhibit increased nuclease
sensitivity, increased histone acetylation, and decreasedWe recently identified a 3 region of the rad50 gene
CpGmethylation. Chromatin changes are thought to con-possessing strong enhancer activity as well as activity
trol “openness” of DNA in the potentially transcribedconsistent with function as a locus control region
region, allowing or restricting access to transcription(LCR) for the flanking Th2 cytokine genes. In this study,
factors.we identify several functional elements within this re-
The Th2 cytokine locus has emerged as an importantgion by examining chromatin changes aswell as activ-
model system in which to study transcriptional regula-ity in transgenic mice. We find within this region four
tion. The most recent emphasis has been on the roleDNase I hypersensitive clusters, three of which are
of epigenetic remodeling in the regulation of this genehighly conserved and predominantly expressed in Th2
cluster. During T helper type 2 (Th2) development, dy-cells. Histone acetylation of this region is elevated
namic changes in chromatin structure throughout thein Th2 cells. Further, one of the hypersensitive sites
IL-4 locus facilitate coordinated expression of the genes(RHS7) is rapidly demethylated in Th2, but not Th1,
therein (Agarwal and Rao, 1998; Bird et al., 1998). Alter-cells. In transgenic mice, these hypersensitive sites
ations in DNase I hypersensitivity, histone acetylation,impart strong, Th2-specific enhancer activity as well
and DNA methylation have been reported, but the pre-as copy number-dependent expression of the reporter
cise mechanism by which these changes are coordi-gene, recapitulating LCR function. We postulate that
nated and the identity and character of the regulatorythese sites function alone or in combination with other
elements involvedare currently not understood (Agarwalregulatory elements to coordinate gene expression in
and Rao, 1998; Avni et al., 2002; Bird et al., 1998; Fieldsthe Th2 cytokine locus.
et al., 2002; Yamashita et al., 2002). The locus comprises
the il4, il5, and il13 genes and is organized within a 140Introduction
kb region in both mouse (chromosome 11) and human
(chromosome 5q). IL4 and IL13 are positioned togetherIn complex loci containing multiple genes, expression
and are transcribed in the same direction. IL5 is posi-patterns must be coordinated such that gene activity is
tioned at the opposite end of the locus, is transcribedsynchronized. Several elements lying within such loci
in the opposite direction, and is separated from IL4 andhave emerged as important players in this type of regula-
IL13 by the large (50 kb) rad50 gene (Figure 1A). Long-tion. The locus control region (LCR) is one such element.
range coordination of gene expression of this locus is
These are long-range regulatory regions usually identifi-
critical, because RAD50 is constitutively expressed,
able as a cluster of tissue-specific, DNase I hypersensi-
whereas expression of the adjacent cytokine genes is
tive (HS) sites (reviewed in Li et al. [2002]). LCRs are highly regulated and restricted in both a tissue-specific
defined operationally by two criteria: physiological, tis- and temporal fashion (Smale and Fisher, 2002). It is
sue-specific enhancer activity and the ability to impart likely that gene expression of the il4 locus involves the
copy number-dependent expression to an ectopically coordination of chromatin remodeling and is mediated
expressed transgene (Grosveld et al., 1987; Milot et al., by an LCR, although the details of such regulation are
1996). The most studied LCR is found in the human only beginning to emerge.
-globin locus. This LCR is involved in the developmen- We recently identified a 25 kb stretch of DNA within
tally regulated expression of the five human globin the 3 area of the RAD50 gene that contains very strong
genes. Although the mechanism of LCR function is not enhancer activity as well as activity consistent with its
completely understood, most models point to the ability function as a locus control region (LCR) (Lee et al., 2003).
of the LCR to regulate the chromatin environment within In the present study, we characterize this region with
the locus (Li et al., 2002). Despite this, the precise role particular emphasis on chromatin remodeling as well as
of chromatin remodeling in LCR function is unclear and functional activity in transgenic mice.
may vary depending on the locus or LCR. We have identified a cluster of potential regulatory
Alterations in chromatin structure have been shown elements within the Th2 cytokine locus. We provide evi-
dence that these regions play an important role in Th2
cytokine gene transcription by examining five separate*Correspondence: richard.flavell@yale.edu
4These authors contributed equally to this work. criteria: DNase I hypersensitivity, histone acetylation,
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Figure 1. DNase I Hypersensitivity Analysis of the 3 Region of the Th2 Cytokine Locus Encompassing the il5 and rad50 Genes
(A) Schematic representation of the Th2 cytokine locus. Boxed region represents previously described location of the locus control region.
(B–D) DNase I hypersensitivity was analyzed in purified naive, Th1, or Th2 effector cells. A schematic diagram showing a map of the il5 and
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DNA demethylation, sequence conservation, and func- other considerablyweaker.We therefore postulated that
RHS4–RHS7 constitute the core of the LCR.tional activity in transgenic mice.
The rad50 DNase I HS Sites Are Highly ConservedResults
from Mouse to Human
Sequence conservation, particularly in noncoding re-ACluster of Th2-Specific DNase I Hypersensitive Sites
gions of the genome (i.e., introns, intergenic regions,in Intronic Sequences of rad50
etc.), can be used as a predictor of the regions’ func-Important cis-acting regulatory elements such as en-
tional significance (Loots et al., 2000). To determinehancers and LCR often exhibit tissue-specific DNase I
whether the sequences of the RHS regions are con-hypersensitivity. Previous analysis of the 3 end of the
served across species, we compared sequence homol-Th2 cytokine locus, encompassing il13 and il4, revealed
ogy between humans and mice. Strikingly, we foundmultiple Th2-specific HS sites, several of which were
that RHS5–RHS7 all lie in highly conserved regions ofsubsequently shown to be important regulatory regions
rad50 introns. These areas are all highly conserved from(Agarwal and Rao, 1998; Lee et al., 2001; Mohrs et al.,
mouse to human, ranging from 70% to 80% identity2001). Our previous results demonstrated that a 25 kb
(Figure 2 and Supplemental Figure S1 available onlineregion at the 3 end of rad50 contains an LCR (Figure
at http://www.immunity.com/cgi/content/full/21/6/865/1A, boxed region) (Lee et al., 2003). To delineate more
DC1/). In contrast to RHS5–RHS7, RHS4 is considerablystrictly the elements associated with LCR activity, we
less conserved across mammalian species. The regionsanalyzed DNase I hypersensitivity in the 5 half of the
encompassing the RHS sites are shown in the VISTAlocus, encompassing il5 and rad50. Naive, Th1, and Th2
diagram (Figure 2) as lines beneath the x axis, whereascells were isolated and analyzed by digesting nuclei with
the areas of homology are depicted as histograms (notvarying concentrations of DNase I. Genomic DNA was
shaded). The regions of homology contrast sharply withextracted and digested with restriction enzymes to de-
adjacent regions, which contain background levels oftermine sensitivity of the resulting fragments to DNase
sequence identity ( 50%), typical for nonconservedI digestion by Southern blotting (Figure 1B). As shown
intronic sequences. Not surprisingly, homology of exonin Figures 1C and 1D, seven distinct DNase I HS regions
sequences (shaded histograms) is quite high ( 80%were identified. To avoid confusion with the previously
identity). This figure dramatically illustrates that the lev-identified HS regions in this locus, we named these
els of homology of the RHS regions are comparable torad50 hypersensitive (RHS) sites 1–7. RHS1 was found
those of exon sequences, thus reemphasizing an impor-in the il5 promoter region, consisted of two distinct hy-
tant functional role for RHS5–RHS7.persensitive sites, and was only observed in Th2 ef-
fectors. RHS2 and 3 are located in the 5 end of rad50
and are constitutive in naive, Th1, and Th2 cells. Be- Preferential Histone H3 Hyperacetylation
of the RHS in Th2 Cellscause they are constitutive and proximal to the rad50
promoter, they are likely to be involved in the regulation Previous studies from our and other laboratories sug-
gest locus-wide histone H3 acetylation within the Th2of rad50 expression.
Of particular interest was the presence of several cytokine locus in Th2 cells, focused particularly at regu-
latory regions such as promoters and enhancers (AvniDNase I hypersensitive clusters at the 3 end of the
rad50 gene directly within the previously described 25 et al., 2002; Fields et al., 2002; Yamashita et al., 2002).
Likewise, in the chicken and mouse -globin loci, con-kb LCR region (Figure 1A). These clusters, RHS4–RHS7,
each consist of one or more HS sites. RHS4, RHS5, and centrated H3 hyperacetylation is observed in regulatory
regions, including promoters as well as the LCR (LittRHS7 are relatively Th2-specific whereas RHS6 is pres-
ent in naive, Th1, and Th2 cells. RHS4, RHS5, and RHS6 et al., 2001). We used chromatin immunoprecipitation
(ChIP) to assess histone H3 acetylation in the 5 half ofare located within intron 21 of rad50, and RHS7 is in
intron 24. RHS4 consists of three relatively weak HS the Th2 cytokine locus, focusing on the region compris-
ing RHS4–RHS7 and the LCR. Amounts of acetylatedsites. In contrast, RHS5 is a well-defined cluster con-
sisting of two strong sites. RHS6 consists of three rather H3 histone immunoprecipitated from naive, Th1, or Th2
cells were determined by quantitative real-time PCR asweak but detectible HS sites in naive cells. In Th1 cells,
the sites are much stronger, and in Th2 cells, two of described (Fields et al., 2002). Each point represents
the average value  SEM of three to four independentthe sites appear considerably weaker. This weakness
ismost likely due to an overall increase in DNase I hyper- experimental samples. Values for control precipitates
were subtracted, and all samples were normalized tosensitivity proximal to the region in Th2 cells rather than
a loss of sensitivity of the HS sites. RHS7 consists of input DNA (see Experimental Procedures). Normal PCR
reactions of relevant regions were also run on ChIPtwo Th2-specific sites, one very pronounced and the
rad50 genes is depicted in (B). Exon positions are shown as vertical hash marks. Restriction enzymes used for the analysis as well as the
resulting DNA fragments are numbered and depicted below the map. Horizontal arrows indicate the Southern probe positions. Southern blots
used for DNase I hypersensitivity mapping are shown in (C). Numbers below each blot correspond to the restriction fragments depicted in
(B). Only blots with DNase I hypersensitivity sites are shown. DNase I hypersensitivity sites are labeled and indicated by the arrows. A schematic
diagram of the DNase I hypersensitivity patterns in naive, Th1, Th2 cells is depicted in (D). DNase I hypersensitive sites are shown as solid
(strong sites) or broken (weak sites) arrows.
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Figure 2. VISTADiagramShowing Homology
between Mouse and Human Sequences
within the Locus Control Region of the Th2
Cytokine Locus
RHS5, RHS6, and RHS7 are shown to lie
within intronic regions of the rad50 gene. Ho-
mology is represented on the y axis as per-
cent identity betweenmouse andhuman.His-
tograms represent regions of homology
greater than 50%. Exons are shaded and la-
beled by exon number above the histograms.
Each of the RHS lieswithin conserved regions
as denoted by the horizontal lines below
the diagram.
samples and resolved on agarose gels to validate the Rapid and Th2-Specific Demethylation of RHS7
The methylation status of the il4 locus LCR was assessedreal-time PCR quantitation (see Supplemental Figure S3).
In naive cells, elevated levels of acetylation were de- with the methyl-sensitive and -insensitive isoschizomers
HpaII and MspI (Waalwijk and Flavell, 1978). Briefly, ge-tected near the rad50 promoter (Figure 3, top). Addition-
ally, two large peaks of acetylation were observed in nomic DNAwas harvested fromunactivated/naive CD4
T cells and effector Th1 or Th2 fromprimary cultures andintronic regions of the rad50 gene. Slightly elevated
acetylation was also observed in the LCR region. Al- assayed for HpaII cleavage by Southern blot analysis.
As shown in Figure 4A, RHS7 is heavily methylated inthough promoter acetylation correlateswith constitutive
rad50 gene activity in naive T cells, the function or iden- unstimulated CD4 T cells and Th1 cells, demonstrated
by persistence of the full-length 11.5 kb KpnI fragmenttity of the internal rad50 hyperacetylated regions is cur-
rently unknown. In Th1 effector cells, basal acetylation in KpnI andHpaII digests. In stark contrast, RHS7 under-
goes a rapid and virtually complete demethylation in Th2levels were elevated 2- to 5-fold relative to naive cells
across the entire region analyzed (Figure 3, middle). cells by day 2 (lane 9) as evidenced by the appearance
of a 1.2 kb fragment in HpaII-treated samples. ThisHowever, the overall pattern appeared similar to that of
naive cells. In Th2 cells, acetylation was significantly demethylation is maintained at day 5 (lane 10) and upon
secondary stimulation (data not shown).elevated near the il5 gene (Figure 3, bottom). In addition,
overall levels across the entire analyzed region were Unlike RHS7, RHS sites 4, 5, and 6 all exhibit constitu-
tive methylation in Th2 cells as well as in unstimulatedelevated 2- to 5-fold relative to Th1 cells. Most strikingly
in Th2 cells, acetylation levels over the entire region and Th1 cells (Figures 4B–4D). HpaII did not cut its lone
recognition site in RHS4 in any sample tested as judgedencompassing the RHS were significantly elevated. The
Th2-specific increases in histone acetylation strongly by the persistence of the intact parental 12.5 kb KpnI
fragment (Figure 4B). Likewise, the lack of a 6 kb sub-indicate a functional role for this RHS region in Th2
effectors and support the hypothesis that these regions fragment in lanes 6–10 indicates that the HpaII site at
the 5 end of RHS6 was not cleaved and is, therefore,constitute the Th2 cytokine LCR.
Figure 3. Histone H3 Acetylation Patterns of
the 3 Region of the Th2 Cytokine Locus
Histone H3 acetylation patterns of the 3 re-
gion of the Th2 cytokine locus were assessed
by ChIP in naive, Th1, and Th2 cells as de-
scribed in Experimental Procedures. The val-
ues that are plotted correspond to regions
in the locus depicted in the scheme directly
below the graphs. Each point represents
mean  SEM obtained from three to four ex-
periments. Real-time PCR was done with
PCR primer pairs 1–45 shown in Supplemen-
tal Figure S2.
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fully methylated in all cell types (Figure 4D). Although lished reports, we conclude that specific CpGs within
there are no HpaII sites within RHS5, the nearest site, the LCR as well as the il4 and il13 promoter regions
1.5 kb downstream of RHS5, is completely methylated become rapidly and completely (or nearly completely)
before and after activation regardless of differentiation demethylated upon stimulation of T cells under Th2 po-
(Figure 4C). To determine conclusively the methylation larizing conditions. Interestingly, the kinetics anddegree
status within RHS5 and RHS6, we sequenced each site of demethylation were similar at each of these sites. The
with bisulfite-treated DNA from the same cells as tem- data strongly implicate RHS7 as an important regulatory
plates. These data revealed that the CpGs in RHS5 pos- element within the locus and underscore the signifi-
sess high levels of methylation in unactivated T cells cance of our earlier findings implicating this region of
that is maintained under both Th1 and Th2 polarizing rad50 as an LCR (Lee et al., 2003). In addition, the data
conditions. TheCpGs inRHS6, on theother hand, exhibit demonstrate the presence of several previously unrec-
constitutively low methylation before and after activa- ognized CpGs in the promoter regions of the il4 and il13
tion (S.T.K. and R.A.F., unpublished data). genes that are rapidly demethylated upon stimulation
Because RHS7 contains two distinct HpaII sites sepa- under Th2 differentiation conditions.
rated by only 136 bp as well as four other CpGs not To determine whether chromatin changes occurred
associated with a HpaII site, we were unable to resolve with different kinetics in the LCR and cytokine promot-
the specific demethylated regions by Southern blot. ers, we examined histone acetylation and DNA demeth-
Therefore, we utilized the bisulfite method to determine ylation at an early time point (12 hr) after stimulation.
methylation status of this region (Figure 4E and raw Histoneacetylationwas significantly elevatedat the LCR
data summary in Supplemental Figure S5A). To directly under either Th1 or Th2 conditions. Similarly, by 12 hr,
compare RHS7 demethylation with the cytokine pro- nonpolarized changes also occurred in the IL4 promoter
moter regions, we also performed bisulfite methylation (Supplemental Figure S5). This pattern of acetylation
assays on promoter regions of the il4, il5, and il13 genes. change was previously reported in the IL4 promoter
We restricted our analysis to the three CpGs found in early after stimulation (Fields et al., 2002). In sharp con-
the 250 bp core promoter of the il13 gene, the seven trast, no change in DNA methylation was detected at
CpGs in the il5 promoter, as well as the seven CpGs in either site at this early time point (Supplemental Figure
the il4 promoter that have not been previously analyzed S5). These data indicate that histone acetylation pre-
in the murine locus. In naive T cells, each of the six cedes DNA demethylation in both the LCR and IL4 pro-
CpGs in RHS7 was methylated in the majority of clones moter. The data also indicate that nonpolarized changes
examined; however, site 4 was at least partially demeth- in acetylation occur initially after TCR stimulation, and
ylated (in 6 of 24 clones [25%]) in these cells. Stimulation polarized patterns emerge subsequently. Interestingly,
under Th1 conditions resulted in only a minor increase these acetylation changes occur at both locations with
in demethylation at these sites even after 5 days in similar kinetics.
culture. In sharp contrast, stimulation under Th2 condi-
tions resulted in significantly greater demethylation at RAD50 Hypersensitive Sites Possess Th2-Specific
five of the six sites, especially at site 4, which was de- Enhancer Activity and LCR Function
methylated in 17/21 (81%) of clones examined after 2
in Transgenic Mice
days of stimulation. After 5 days of culture, 100% of the
To characterize the functional properties of the con-
clones examined were demethylated at sites 3, 4, and 5.
served, Th2-specific RHS regions in vitro and in vivo,In the il4 promoter, the 5-most CpGs (sites 1 and 2)
we performed reporter assays in cell lines and trans-were both constitutively demethylated in naive T cells.
genic mice. We made a series of reporter constructsThis status did not change during stimulation irrespec-
containing the 800 bp minimal IL4 promoter plus lucifer-tive of polarization conditions. The third CpG was meth-
ase either without or with the DNase I hypersensitiveylated in naive cells and was demethylated only slightly
sites individually or in combination (Figure 5A). To firstupon stimulation. Sites 4–7 were partially demethylated
determine whether the RHS sequences have classicalin naive cells (in 31%–54% of clones examined). This
enhancer activity, we carried out transient transfectionstatus did not change with stimulation under Th1 condi-
assays with these DNA reporter constructs. We trans-tions. However, under Th2 conditions, demethylation
fected the constructs into the D10 Th2 cell line, stimu-increases significantly by day 2 of culture, and by day
lated with PMA  ionomycin, and measured luciferase5, the sites are nearly completely demethylated.
activity. Stimulated cells transfected with the controlIn the il13 promoter, the three CpGs were methylated
IL4P construct showed a 10-fold increase of luciferasein naive cells. The 5-most CpG (site 1) remained rela-
units compared with unstimulated cells, confirming thetively methylated in stimulated cells. In contrast, the
inducibility of the IL4 promoter upon activation (FigureCpGs nearer the transcriptional start site (sites 2 and
5B). The level of luciferase expression in cells trans-3) became demethylated upon stimulation under Th2
fected with RHS5-IL4P showed a 50% reduction com-conditions with significant increases occurring after 2
pared to that in cells transfected with the control IL4Pdays of stimulation. Near complete demethylation of
construct, suggesting that this HS site does not exhibitsites 2 and 3 occurs after 5 days of stimulation and
enhancer activity when not integrated into the chromo-only under Th2 conditions. Methylation status in the il5
somes and may even have repressor function in vitropromoter region contrasts with that of RHS7, il4, and
(Figure 5B). The level of luciferase expression in cellsil13. In this region, all six sites are nearly completely
transfected with RHS6-IL4P and RHS7-IL4P showed amethylated in naive cells, and only sites 5 and 6 become
2-fold increase compared to that in cells transfectedpartially demethylated under Th2 stimulation conditions.
Considering these data and those of previously pub- with the IL4P construct, suggesting enhancer function
Immunity
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We measured enhancement of luciferase levels com-
pared to that in T cells from control IL4P transgenic
mice previously described (Lee et al., 2001). We also
tested whether individual DNase I hypersensitive sites
or various combinations of them can recapitulate LCR
function by determining copy number-dependent lucif-
erase expression.
The luciferase level in Th2 cells from three out of
twelveRHS5-IL4P transgenicmice increased 40- to 400-
fold compared to that of control IL4P transgenic mice
(Figure 6A). Likewise, the luciferase level in Th2 cells
from three out of twelve RHS6-IL4P transgenic mice
increased 70- to 300-fold (Figure 6B), and five out of
twelve RHS7 transgenic mice increased 35- to 2400-
fold compared to that in IL4P transgenic mice (Figure
6C). These data indicate that all three hypersensitive
sites function as enhancers to varying degrees. How-
ever, none of the transgenic lines showed Th2-specific
luciferase expression. Furthermore, none showed copy
number-dependent expression, and all showed varie-
gated expression in a transgenic line (i.e., not all of the
founder mice of a given transgenic construct showed
enhancement). These data suggest that although indi-
vidual hypersensitive sites possess some enhancer ac-
tivity, they are not alone sufficient to impart Th2 specific-
ity nor do any of them function individually as a locus
control region.
Figure 5. Reporter Constructs and Transient Transfection Assay We further tested whether combinations of the hyper-
(A) Reporter constructs for transient transfection and transgenic sensitive sites possess enhancer or LCR function by the
mice. Conserved regions of RHS5, RHS6, and RHS7 were PCR same method as above. The luciferase level in Th2 cells
cloned and added to the IL4P-luciferase construct as described in from eight out of eleven RHS(57)-IL4P transgenic mice
Experimental Procedures. Sizes of HS are 809 bp for RHS5, 826 bp
increased 20- to 1000-fold compared to that from IL4Pfor RHS6, and 570 bp for RHS7.
transgenic mice (Figure 7A). Luciferase activity in T cells(B) Transient transfection assay. Exponentially growing D10 cells
from these mice was generally Th2 specific; however,(Th2 cell line) (5  106) were transfected with 20 	g of reporter
constructs by electroporation. Cells were rested for 16 hr and then the expression of luciferase was not copy number de-
stimulated with PMA ionomycin for 4 hr. Cell extracts were made, pendent. The luciferase level in Th2 cells from 11 out of
and luciferase activity was measured. Transfection efficiency was 14 RHS(567)-IL4P transgenic mice increased 100-to
normalized with Renilla luciferase in a dual luciferase assay (Pro- 2000-fold compared to that from IL4P transgenic micemega). The luciferase activity of the luciferase construct without
(Figure 7B). In this case, however, luciferase expressionpromoter was arbitrarily set as one.
was both Th2 specific and copy number dependent,
showing that the combination of RHS5, RHS6, andRHS7
of these HS sites in vitro (Figure 5B). Addition of various can recapitulate LCR function in this assay. Most single
combinations of RHS regions enhanced the luciferase copy transgenic lines of RHS(567)-luc did not ex-
level 4- to 7-fold compared to control IL4P, suggesting press significant levels of luciferase in proportion to this
additive effects of classical enhancer function for these copy number, a result reminiscent of our observations
hypersensitive sites (Figure 5B). in B137/RAD mice (carrying the 25 kb LCR region frag-
We generated transgenic mice by injecting the DNA ment) and in contrast to what we found for the entire
constructs into fertilized eggs as described previously il5-13-4 BAC (Lee et al., 2003). Moreover, the average
(Lee et al., 2001). IL4 promoter-driven luciferase activity luciferase level per given copy in Th2 cells from
was measured in CD4 T cells from transgenic mice RHS(567)-IL4P transgenic mice was about 5-fold
less than that of B137/RAD mice previously describedafter stimulation under Th1 or Th2 polarizing conditions.
Figure 4. Th2-Specific Demethylation of the IL4 LCR Occurs at RHS7
The methylation status of genomic DNA from unstimulated CD4, Th1, or Th2 cells was assessed for the regions shown with the methylation-
sensitive and -insensitive isoschizomers HpaII and MspI. Demethylation is evidenced by cleavage of parental fragments into lower molecular
weight species. In each blot, MspI digestion yields the reference fragment size of fully demethylated sites (all panels, lanes 1–5). Sorted naive
T cells were also tested with no significant differences seen. For the results shown in (A), (B), and (D), the same blot was stripped and reprobed
for each RHS. (A) Methylation analysis of RHS7 in primary T cell cultures. (B–D) Methylation analysis of RHS4–RHS6. The partial HpaII digestion
seen in RHS6 reflects the demethylation of RHS7 (lanes 9 and 10, [D]). Note that the 6 kb fragment between the HpaII sites in RHS6 and
RHS7 is not generated; therefore, the site in RHS6 remains methylated. (E) Restriction maps of RHS4–RHS7. HpaII/MspI sites are indicated
by small hash marks. Uppercase letters denote restriction enzymes used to generate parental fragments (K, KpnI; H, HindIII). Location of RHS
sites is noted above each fragment. Location of RHS-specific probe for each blot is represented by thick horizontal lines. (F) Methylation
status of RHS7, IL4P, IL13P, and IL5P in naive, Th1, and Th2 effectors. Bisulfite analysis was performed on naive and day 5 Th1/Th2 effectors.
Each bar represents 20–24 clones sequenced.
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Figure 7. Luciferase Activity from RHS(57)-IL4P and RHS(567)-
IL4P Transgenic Mice
Luciferase activity was measured the same as in Figure 5.
25 kb region and have ascribed five separate properties
to these domains that strongly implicate them as com-Figure 6. Luciferase Activity from RHS5-IL4P, RHS6-IL4P, and
ponents of an important regulatory element in the locus.RHS7-IL4P Transgenic Mice
DNase I hypersensitivity analysis revealed the presenceSplenic CD4 T cells were isolated from the transgenic mice, and
of four hypersensitive regions within this 25 kb segment.3  106 CD4 T cells were cultured in 5 ml of Bruff’s medium with
Of the four, three (RHS4, RHS5, and RHS7) are observedthe same number of APC in the presence of 2.5 	g/ml Con A, 20
U/ml IL2 in either Th1 or Th2 skewing condition for 3 days, washed, only in Th2 cells, suggesting that these regions function
and restimulated with 2.5 	g/ml Con A for 12 hr. Cell extracts were specifically in this cell lineage. Th2-specific increases
made, and luciferase activity was measured with 15 	g of protein. in histone acetylation andDNAdemethylation in theRHS
The luciferase level of control IL4P transgenic mice in Th2 cells
regions also point to a lineage-specific function. Theranges from 0.015  106 to 0.04  106 (Lee et al., 2001).
strikingly high sequence conservation in RHS5, RHS6,
and RHS7 is also strongly suggestive of an important
functional role for these regions, because these HS sites(Lee et al., 2003). Both results suggest that this construct
are locatedwithin rad50 introns (Loots et al., 2000). Mostmay not exert the full function of the LCR andmay mean
importantly, these HS sites in combination possessthat additional regions of the locus may contribute to
strong, Th2-specific enhancer activity as well as LCRLCR activity. The overall level of enhancement by these
activity. Considering this array of data, we conclude thatHS in the transgenic reporter assays was much higher
these HS sites within the rad50 gene constitute the corethan in the transient assay, suggesting that the enhancer
of the LCR operatingwithin the Th2 cytokine gene locus.function mainly works in a chromatin context.
We postulate that these regions act in a combinatorial
fashion either with each other or with other regulatoryDiscussion
elements within the locus.
Previous work from our laboratory demonstrated the
presence of LCR activity within a 25 kb segment of the LCR Function in the il4 Locus
An important question is what function does the LCR3 region of the rad50 gene (Lee et al., 2003). In this
study, we have identified specific domains within this serve in this locus. In the -globin locus, the LCR regu-
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lates expression of the globin genes during fetal devel- (Bungert et al., 1995; Jackson et al., 1996; Molete et al.,
opment, such that different genes within the locus are 2001). We are currently examining this possibility.
expressed at different developmental stages (reviewed
in Li et al. [2002]). Similarly, an LCR maintains mutually
exclusive, tissue-specific expression patterns of the five LCR Mechanism of Action
genes in the human growth hormone locus (Su et al., A variety of functions have been ascribed to LCRs, in-
2000). Thus, the LCR acts principally to coordinate gene cluding strong transcriptional enhancer activity (Aizawa
expression in complex loci; however, its precise coordi- et al., 1995; Curtin et al., 1989; Fraser et al., 1990; Ortiz et
nating role may be distinct in different loci. al., 1999; Ryan et al., 1989), the ability to alter chromatin
In Th2 cells, IL4, IL5, and IL13 are not expressed se- modifications like histone acetylation and DNAmethyla-
quentially or differentially but, rather, are coexpressed tion (Elefant et al., 2000), and the ability to influence the
and possibly coregulated at some level (Cousins et al., timing and origin of DNA replication (Simon et al., 2001).
2002; Kelly and Locksley, 2000). We show in this report However, the one common functional trait possessed
that the il5 gene, like il13 and il4 (Agarwal and Rao, 1998; by all known LCR elements is the ability to impart copy
Takemoto et al., 1998), is DNase I hypersensitive and number-dependent expression of linked transgenes.
hyperacetylated preferentially in Th2 cells, supporting This has been attributed to the ability of the LCR to
a role for the LCR in coordinating accessibility of the regulate the local chromatin environment and prevent
three genes. This mode of coregulation would necessi- the spreading of heterochromatic DNA. In endogenous
tate coordinating expression across a large, uninvolved
loci, it is surmised that theprinciplemechanismbywhich
intervening gene (rad50) and, thus, would require coop-
LCRs function is by regulating open chromatin structure
eration between the LCR and boundary elements, which
of genes within the locus.would insulate the promoters of the cytokine genes from
Howmight the LCRmaintain an open chromatin struc-the constitutive activity of the rad50 gene. Although we
ture? The most obvious possibility is that the LCR mayhavenot identified such anactivity in this locus, insulator
direct chromatin remodeling changes such as histoneactivity has been associated with LCRs in other systems
acetylation or DNA demethylation to the promoter re-and has been proposed to work in the Th2 cytokine
gions of the genes under its control. However, the abilitylocus (Li and Stamatoyannopoulos, 1994; Smale and
of the LCR to target these changes may be gene depen-Fisher, 2002). The LCR would also be expected to be
dent. Deletion of the -globin LCRdid not result in signif-inactive in non-Th2 cells and would have little or no
icant changes in either histone acetylation or methy-effect on RAD50 expression. The transgenicmouse data
lation in the locus or in the presence of DNase Ireported in this study demonstrate that the LCR can
hypersensitivity site at promoters despite a dramaticimpart Th2-specific gene expression. Further, the effect
reduction in transcription (Schubeler et al., 2000, 2001).of the LCR on RAD50 expression is likely to be relatively
In this case, the LCR was proposed to function by en-minor, because RAD50 is expressed in naive, Th1, and
hancing the transition from transcriptional initiation toTh2 cells, whereas the Th2 cytokines are only expressed
elongation by facilitating the activation of RNA Polymer-in the Th2 lineage (Supplemental Figure S4).
ase II (Pol II) at the promoters (Sawado et al., 2003). InIt is possible that coregulation of cytokine gene ex-
pression occurs at the level of transcription and does contrast, the human growth hormone LCR has been
not require a coordinating entity suchas an LCR. Indeed, implicated in establishing and maintaining core histone
previous BAC transgenic experiments from our labora- acetylation patterns throughout the locus (Elefant et al.,
tory demonstrated that, in contrast to il4 and il13, the 2000). Similarly, an intact LCR in the T cell receptor 
/
il5 gene expression is not copy number dependent and, locus is necessary for tissue-specific DNA methylation
thus,may not be regulatedby anLCR (Leeet al., 2003). In patterns (Santoso et al., 2000). We have not examined
addition, in this report we show that methylation pattern the role of the LCR on these chromatin modifications in
changes in il4 and il13, but not il5, correlate closely with the Th2 locus. Targeted deletion of the LCR will enable
those observed in the LCR. Thus, the LCR may regulate this assessment.
these genes, but not il5. Loss-of-function experiments The similarity in the kinetics and magnitude of chro-
are needed to definitively determine whether the LCR matin changes between the LCR and the promoters of
is necessary for coordinated expression patterns of all il4 and il13 suggests that these events are triggered
three cytokine genes. Although our data do not establish nearly simultaneously at these sites. This observation
a requirement for an LCR, we cannot rule out such a role.
suggests that the LCR may not be a nucleation site for
The LCR may also be necessary for physiological lev-
chromatin remodeling that eventually spreads to theels of gene expression. Several enhancers have been
cytokine promoters. Rather, the data are consistent withdocumented and characterized in this locus. Deletion
the LCR serving as an organizing center, or “chromatinof these regions, however, did not completely ablate
hub,” atwhich the coregulatedpromotersmight interact.cytokine gene expression, suggesting that other en-
This proximitywould enable the LCR todeliver transcrip-hancers might be functioning in the locus (Mohrs et al.,
tional proteins, enhancer elements, as well as coactiva-2001). Our data demonstrate that the HS regions that
tors, or, in some cases, silencers, to the basal transcrip-make up the LCR possess very strong enhancer activity.
tionalmachinery present at the proximal promoters. ThisHowever, the combination of the three HS sites did not
scenario would allow efficient transcriptional coregula-reconstitute the full enhancer activity found in the locus.
tion of the cytokine genes in the locus. Recent dataAlthough spacing of the HS sites in the constructs might
from our laboratory have confirmed that such physicalimpact the RHS regions’ enhancer activity, it is also
interactions exist between the LCR and the il4 and il13possible that these HS regions interact with other ele-
ments in the locus to give full, physiological expression promoters (Spilianakis and Flavell, 2004).
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0.5% NP-40) for 2 min on ice, and nuclei were isolated by dounceMethylation/Demethylation
homogenization followed by centrifugation. Pellet was resuspendedA surprising finding in this study was the rapid, com-
in DNase buffer (10 mM Tris-HCl [pH 7.5], 10 mM NaCl, 5 mMMgCl2,plete, Th2-specific demethylation in RHS7 as well as
and 0.5 mM CaCl2) and DNase I (Sigma, Inc.) was added to 1–2 CpGs in the il4 and il13 promoters. DNA demethylation 107 nuclei/ml to a final concentration of 0–12 	g/ml (3-fold dilutions).
has been observed in other parts of the locus and has After 5 min incubation at 37C, DNA was isolated from nuclei by
been correlated generally with transcription potential as immunoprecipitation with isopropanol. For Southern blot analysis,
10 	g of DNA samples were cut with appropriate restriction en-has been described for numerous genes. However, the
zymes, phenol-chloroform extracted, and fractionated on a 0.8%extent and rapidity of the demethylation that we report
agarose gel transferred to Hybond-N nylon membrane (Amershamis very different from what other laboratories have ob-
Biosciences) with the Posi-Blotter transfer apparatus (Stratagene).
served. Previous reports have documented some de- The blots were probed with 32P-labeled DNA probes generated by
methylation at the il4 promoter after multiple passages PCR.
of the cells over periods up to weeks (Lee et al., 2002).
Chromatin ImmunoprecipitationHere, we show virtually complete demethylation of spe-
Chromatin immunoprecipitation and quantitation by real-time PCRcific CpGs in RHS7, il4, and il13 promoter regions, oc-
was performed as previously described (Fields et al., 2002). Briefly,curring as rapidly as within 2 days of stimulation under
chromatin was prepared from sorted naive, Th1, or Th2 cells byTh2 conditions.
formaldehyde fixation, lysis, and sonication with identical buffers
DNA methylation is thought to be a silencing mecha- and conditions as previously described (Fields et al., 2002). After
nism. The effects of this modification are carried out in being precleared, chromatin was quantified by spectrophotometry,
two ways: either by enabling the binding of methyl-CpG and 20 	g of chromatin was immunoprecipitated with either no
antibody (control IP) or anti-acetyl H3 (mixed K9, K14; Upstate Bio-binding proteins or by excluding the binding of proteins
chemicals, Inc.). After being extensively washed, the immunoprecip-by blocking consensus sequences. Examples of the for-
itates were eluted in Tris-EDTA, and equal volume aliquots weremer are MeCP2 binding, MBD binding, and the recruit-
used in real-time PCR reactions performedwith Applied Biosystems
ment of the NURD-silencing complex. Ultimately, the Sybr Green PCR master mix. Aliquots of preimmunoprecipitated
recruitment of histone deacetylases to the region is chromatin were also used in PCR reactions as input controls. BAC
thought tomediate the silencing effects of this modifica- DNA containing the Th2 cytokine locus (Lee et al., 2003) was used
as a reference standard and amount of DNA was calculated fortion. An example of methylation excluding the binding
each PCR reaction. Relative amounts of ChIP DNA per sample wereof a protein is in the case of the insulator binding factor,
calculated with the following formula: [IP DNA] – [IP control DNA] /CTCF (Bell and Felsenfeld, 2000). This protein is involved
[input DNA]. Each point representsmeanSEMof values from threein insulator function, and its binding is not allowed when
to four experiments. Representative samples were also amplified by
the DNA is methylated. This mechanism suggests that standard PCR, and the products were run on 1.5% agarose gels
methylation may play a role in processes other than (Supplemental Figure S3).
silencing such as boundary function or even LCR ac-
Sequence Homology Analysistivity.
Sequence homology was determined, and regions of identity identi-There is precedent formethylation changes in nonpro-
fied with the ECR browser sponsored by Lawrence Livermore Labo-moter sequences. The TCR
 LCR is a good example.
ratories (http://www.ECRbrowser.dcode.org).
In that system, similarly to what we find, there is tissue-
specific demethylation in one of the hypersensitive sites Transient Transfection Assay
in the LCR (HS4). The authors found that this demethyl- Exponentially growing D10 cells (Th2 cell line) (5  106) were trans-
fected with 20 	g of reporter constructs by electroporation withation was impaired when other components of the LCR
BIO-RAD gene pulser (280V, 960 	F). Cells were rested for 16 hrwere deleted (Santoso et al., 2000). No functional role
and then stimulated with 50 ng/ml PMA  1 	M ionomycin for 4 hr.has yet been assigned for this modification. Likewise,
Cell extracts were made, and the luciferase activity was measured
the functional significance in the Th2 cytokine locus is with Dual-Luciferase Reporter Assay System (Promega).
unclear. Preliminary data from our laboratory indicate
that neither MeCP2 nor HDAC1 binds in this region in Methylation Analysis
Genomic DNA was harvested by overnight proteinase K digestionnaive, Th1, or Th2 cells (data not shown). Thus, it is
in lysis buffer (50 mM Tris [pH 8.0], 5 mM EDTA, 0.2% SDS, andunlikely that demethylation of RHS7 leads to a loss of
200 mM NaCl), phenol-chloroform extraction, and isopropanol pre-a repressive NURD complex and derepression at this
cipitation. 10 	g of DNA was double digested with KpnI (50 U) or
site.Wecannot rule out the possibility that the demethyl- HindIII (60 U) and HpaII (50 U) or MspI (50 U) for 16 hr. All restriction
ation in RHS7 is permissive for the binding of some enzymes were obtained from New England Biolabs. Reactions were
factor such as CTCF that alters LCR function. Deletion run out on a 0.8% agarose gel and transferred to Hybond-N nylon
membrane (Amersham Biosciences) with the Posi-Blotter transferanalysis is needed to definitively test this hypothesis.
apparatus (Stratagene). Southern hybridization was performed as
above. For bisulfite analysis, T cell DNA was treated with bisulfiteExperimental Procedures
by using the CpGenome DNA Modification Kit according to the
manufacturer’s protocol (Chemicon International). The sense strandMice, T Cells, and Antibodies
of the IL13 promoter was amplified with the following primers: for-T cells used in these studies were obtained from C57BL/6 mice as
ward, 5-CTCACAACTAATAAACTAATACTCACC-3; reverse, 5-GATpreviously described (Fields et al., 2002). Briefly, naive, splenic CD4
TGTAGTTATTTAGAGTGTTATG-3. The sense strand of the distalCD62Lhi, CD44lo T cells were isolated by FACS sorting. Effector Th1
IL4 promoter was amplified with the following primers: forward,and Th2 cells were derived by stimulation in vitro with anti-CD3 plus
5-CCACACAATACAAAAAAAAACCCAATC-3; reverse, 5-GGAAAsyngeneic, irradiated splenic APC (Fields et al., 2002; Lee et al.,
GATAGAGTAATATTAAGAAAG-3.2001). After 5 days of culture, cells were purified by centrifugation
over ficoll-hypaque gradients for use in experiments.
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